The divergent homeobox-containing transcription factor, Tlx-3 (also known as Hox11L2/Rnx), is required for proper formation of firstorder relay sensory neurons in the developing vertebrate brainstem. To date, however, the inductive signals and transcriptional regulatory cascade underlying their development are poorly understood. We previously isolated the chick Tlx-3 homologue and showed it is expressed early (i.e. beginning at HH15) in distinct subcomponents of both the trigeminal/solitary and vestibular nuclei. Here we show via in vivo rhombomere inversions that expression of Tlx-3 is under control of local environmental signals. Our RNA in situ analysis shows expression of the BMP-specific receptor, Bmpr-1b, correlates well with Tlx-3. Furthermore, manipulation of the BMP signaling pathway in vivo via electroporation of expression vectors encoding either BMP or NOGGIN coupled with MASH1 gain-of-function experiments demonstrate that a BMP-mediated transcriptional cascade involving Cash1 and Tlx-3 specifies first-order relay sensory neurons in the developing brainstem. Notably, high-level Noggin misexpression results in an increase in newly differentiated Tlx-3 C neurons that correlates with a corresponding increase in the number of Calretinin C neurons in vestibular nuclei at later developmental stages strongly suggesting that Tlx-3, in addition to being required for proper formation of somatic as well as visceral sensory neurons in the trigeminal and solitary nuclei, respectively, is sufficient for proper formation of special somatic sensory neurons in vestibular nuclei. q
Introduction
Sensory nuclei in the brainstem are organized into three principal columns arranged mediolaterally; trigeminal/solitary, vestibular and cochlear. Each is composed of firstorder relay neurons that function to process and transmit sensory information from the internal and external environment to higher areas of the brain and spinal cord. General somatic sensory functions, such as touch, pain, and temperature are relayed through trigeminal nuclei whereas solitary nuclei convey general visercal sensory information from internal organs as well as specialized visceral sensory information specific to the head region (e.g. sense of taste). Specialized somatic sensory functions, such as hearing and balance are relayed through vestibular and cochlear nuclei. Fate mapping has shown that various sensory nuclei develop segmentally from individual units called rhombomeres (Cambronero and Puelles, 2000; Diaz et al., 1998; Marin and Puelles, 1995) . However, little is known about the environmental signals and transcriptional mediators involved in their development.
We previously isolated two members of the divergent homeobox-containing Tlx (T-cell leukemia translocation) gene family, Tlx-1 and Tlx-3 from chick and showed that both genes are transiently expressed in distinct sensory neuronal populations in the developing brainstem (Logan et al., 1998 (Logan et al., , 2002 . More specifically, Tlx-1 and Tlx-3 are expressed early (beginning at HH20 and HH15, Mechanisms of Development 122 (2005) respectively) in discrete subcomponents of the trigeminal/ solitary and vestibular nuclei. Expression is first detected as cells undergo their final division and begin to migrate away from the ventricular zone and differentiate. Recent loss-of-function analysis in mice demonstrated that both genes play a crucial role in formation of firstorder relay sensory neurons in the developing vertebrate brainstem (Qian et al., 2001 (Qian et al., , 2002 . Visceral sensory neurons in the solitary nucleus were completely absent in Tlx-3 null mutants. Although no neuronal phenotype was observed in Tlx-1 single null mutants, a redundant and/or compensatory role for Tlx-1 was inferred through increased severity of Tlx-3 K / K phenotypes in Tlx-1/3 double mutants. For example, somatic sensory neurons in the spinal trigeminal nucleus were only partially lost in Tlx-3 K / K but completely absent in Tlx-1/3 K / K . Similarly, somatic sensory neurons in the principle trigeminal nucleus were unaffected in Tlx-3 K / K but lost (albeit partially) in Tlx-1/3 K / K . To date, however, a role for Tlx in formation of specialized somatic sensory neurons in vestibular nuclei has not been established.
In the present study, we have begun to investigate the environmental signals and transcriptional mediators involved in specifying Tlx positive, first-order relay sensory neurons in the developing brainstem. In the spinal cord, graded BMP signaling originating from the dorsal neural tube (i.e. roofplate) and/or overlying non-neural ectoderm establishes distinct dorsal neural progenitor domains by regulating the spatial pattern of expression of several bHLH and homeodomain proteins (Helms and Johnson, 2003; Lee and Jessell, 1999) . Eight distinct neuronal subtypes develop from these progenitor domains. Each subtype is defined by expression of different sets of transcription factors, dependence on signals from the roofplate, birth dates and initial migration patterns. Previous studies have shown that various components of the BMP signaling pathway are also present dorsally in the developing chick hindbrain prior to onset of Tlx expression (Graham et al., 1994; Smith and Graham, 2001; Vogel-Hopker and Rohrer, 2002) . To date, however, the downstream effectors of BMP signaling in the hindbrain are ill defined.
Here we show through in vivo rhombomere inversion/ transplantation experiments that expression of Tlx-3 in hindbrain sensory neurons is under control of local environmental signals. Furthermore, our RNA in situ hybridization data shows expression of the BMP-specific receptor subtype, Bmpr-1b overlaps Tlx-3, suggesting BMPs function through Bmpr-1b to regulate Tlx-3. Indeed, our functional data demonstrate that a BMP-mediated signaling pathway involving Cash1 and Tlx-3 specifies first-order relay sensory neurons in the developing hindbrain. Notably, our results also suggest that in addition to being required for proper formation of somatic as well as visceral sensory neurons in the trigeminal and solitary nuclei, respectively, Tlx-3 is sufficient for formation of special somatic sensory neurons in vestibular nuclei.
Results

Onset of Tlx-3 expression in the developing hindbrain
Tlx-3 is one of the earliest known markers to date for developing vertebrate hindbrain sensory neurons and has been shown to be critically involved in their differentiation (Cheng et al., 2004; Qian et al., 2001 Qian et al., , 2002 . Previously, we showed that in chick Tlx-3 is initially expressed in two parallel, bilateral stripes of neurons running rostrocaudally at distinct dorsoventral levels in the hindbrain (Logan et al., 1998) . Here we analyze its onset in more detail. Transcripts were first detected at HH15. Expression was initially confined along the anterior-posterior (A-P) axis to r1, r4, r6 and r8 (Fig. 1A) . Slightly later, transcripts were also readily detected in r5 and r7 (Fig. 1B) . Along the dorsoventral (D-V) axis, expression is detected first in the more dorsally located column of cells (Fig. 1C) . With the exception of r1, expression within the second, more ventral column of cells appears slightly later (Fig. 1D ).
Tlx-3 expression is under control of local environmental signals
Neuronal differentiation in the dorsal spinal cord is directed in part by local diffusible signals (Helms and Johnson, 2003; Lee and Jessell, 1999) . To determine if differentiation of dorsally located Tlx-3 C hindbrain sensory neurons is similarly controlled, rhombomere pairs were isolated from HH10-12 embryos (i.e. prior to onset of Tlx-3 expression), inverted 1808 along their D-V axis and grafted isotopically into stage-matched hosts. Care was taken to ensure that notochord, floorplate and superficial ectoderm (i.e. potential signaling sources), were left intact in the host. Tlx-3 mRNA expression was subsequently analyzed 48 h later (i.e. at HH20/21). Fig. 2A shows the normal Tlx-3 expression pattern at HH21 in an unmanipulated, flatmounted hindbrain. Fig. 2B -D shows the pattern of Tlx-3 expression in an identically staged embryo following inversion/transplantation of r4/5 at HH10. Cross-sections through r1, r4, and r7 (i.e. above, through and below the transplant, respectively) show transcripts are only present dorsally. Notably, in r4, transcripts were detected in the former basal (now alar) plate. No transcripts were detected in the former alar, now basal plate. As shown in Table 1 , inversion/transplantation experiments done between HH10-12, yielded identical results. Thus, differentiation of Tlx-3 C hindbrain sensory neurons is controlled by local environmental signals. Furthermore, cells are competent to respond to such signals between HH10-12.
Correlation of BMP-receptor expression with Tlx-3
Currently, the most attractive candidate signaling molecules are BMPs. BMP ligands are present dorsally in the hindbrain at HH14 (i.e. just prior to the onset of Tlx-3 expression) (Vogel-Hopker and Rohrer, 2002) . Here we examine the expression pattern of the two type I BMP-specific receptor subtypes, Bmpr-1a and Bmpr-1b as well as BMPR-II at HH15-20. As shown in Fig. 3 , Bmpr-1b expression correlated well with that of Tlx-3. At HH15, Bmpr-1b was expressed along the entire A-P axis of the developing hindbrain (Fig. 3A-C) . Along the D-V axis, transcripts were restricted dorsoventrally. Little or no expression was detected in the dorsal-most portion of the neural tube. Transcripts were also for the most part, absent ventrally. Expression was similarly restricted at HH20 (Fig. 3D,F) . Furthermore, expression was noticeably reduced in the developing postmitotic mantle layer indicating that it is down regulated after terminal differentiation. Expression of Bmpr-1a appeared spatially distinct from that of Bmpr-1b (Fig. 3E ). Transcripts were primarily confined to the dorsal neural tube. Finally, BMPR-II was uniformly expressed, albeit weakly, throughout the neural tube at all stages examined (data not shown). These data are consistent with the idea that BMPs are involved in regulating Tlx-3 expression in the hindbrain and suggest that they function through Bmpr-1b.
Manipulation of BMP-signaling pathway alters generation of Tlx-3 C neurons
To directly analyze the potential role BMPs play in regulating Tlx-3, we manipulated the BMP signaling pathway in vivo via electroporation of RCAS expression vectors encoding either BMP4 or the BMP antagonist, NOGGIN. Manipulations were performed at HH9-12 and embryos harvested approximately 48 h later at HH19-21. Importantly, our inversion/transplantation studies showed that Tlx-3 expression had not been determined at the time of electroporation and that cells are still competent to see and respond to changes in environmental signals. Tlx-3 expression was subsequently analyzed via RNA in situ hybridization and in almost all cases, directly correlated with misexpression.
As shown in Fig. 4A , no change was observed in control embryos expressing moderate to high levels of RCAS eGFP (nZ16). However, a dramatic reduction and/or ventral shift in Tlx-3 expression were observed in 95% of embryos with moderate to high-level expression of RCAS BMP4 (nZ37; Fig. 4B-L) . Interestingly, the dorsal column of Tlx-3 C cells was absent in all embryos with strong, widespread expression in r7/8 of the introduced transgene (nZ6; Fig. 4B ). Expression in the more intermediate column was retained. However, in most cases (7/8), it was noticeably shifted and/or expanded ventrally (Fig. 4F,I ,L) (Note: given the lack of appropriate molecular markers, the dorsal and more intermediate domains of Tlx-3 C cells were distinguished based solely on their relative location). In embryos with more moderate r7/8 transgene expression (nZ12), the dorsal column although present, was often (8/12) shifted ventrally resulting in an apparent fusion between the dorsal and more intermediate columns of Tlx-3 C cells (Fig. 4C ). Tlx-3 C cells were also observed in close proximity to the ventral border of the intermediate expression domain in 50% of embryos.
Similar results were obtained at all A-P levels examined. For example, in r1 where Tlx-3 is normally only expressed in a single, expanded domain, Tlx-3 C cells were either completely absent and/or noticeably reduced in number dorsally (i.e. depending on the level of transgene expression). The normal ventral border was also often shifted toward the floorplate (Fig. 4D ,G,J). Similarly, in r5, expression was also repressed dorsally and expanded ventrally ( Fig. 4E ,H,K).
In contrast, Tlx-3 expression was significantly increased in intensity and/or ectopically expressed or shifted dorsally in 88% of embryos with moderate to high-level expression of RCAS Noggin (nZ41; Fig. 5A-K) . Notably, Tlx-3 C cells were observed in a continuous zone spanning the dorsal region in r7/8 indicating the two dorsal Tlx-3 expression domains had fused in all embryos with strong, widespread expression of the introduced transgene (nZ5; Fig. 5A ). In addition, there was a corresponding lack of caudal dorsal midline structures (i.e. roofplate) as evidenced by changes in morphology. Little or no change was observed in the intermediate region of the neural tube. In embryos with more moderate r7/8 transgene expression (nZ8), both the dorsal and intermediate Tlx-3 expression domains were often (6/8) noticeably shifted dorsally towards the roofplate (Fig. 5B) . Tlx-3 C cells were also observed dorsal to their normal domain of expression in r1 ( Fig. 5C -E) up to and immediately adjacent to the roofplate (i.e. depending on the level of transgene expression). Similarly, in r4 ( Fig. 5F-H) , both the dorsal as well as the ventral borders of the merged Tlx-3 expression domains were noticeably shifted dorsally in response to Noggin misexpression.
Expression also appeared noticeably stronger on the electroporated side. This was clearly evident in r3 ( Fig. 5I-K) where Noggin misexpression resulted in ectopic Tlx-3 expression in dorsal cells that was readily detectable above the normal endogenous expression of Tlx-3 in the more intermediate region of the neural tube. Notably, ectopic expression was contiguous with the dorsal-most portion of the merged Tlx-3 expression domains in r4.
Taken together, our results indicate an essential role for BMP in generation of newly differentiated Tlx-3 C hindbrain sensory neurons. Furthermore, distinct populations of Tlx-3 C cells are generated in response to specific thresholds of BMP signaling. Finally, high-level BMP signaling may be responsible for normally repressing dorsal Tlx-3 expression.
Tlx-3 expressing cells likely arise from Cash1 positive neuronal precursors
Recent work in mouse, has suggested that Tlx-3 C cells in the CNS likely derive from Mash1 (i.e. mouse achaete-scute homolog) positive neuronal precursors (Qian et al., 2001 (Qian et al., , 2002 . To determine their relationship in the developing chick hindbrain, we compared expression of Cash1 (i.e. chick achaete-scute homolog) to Tlx-3 at HH20. As shown in Fig. 6A -C, Cash1 mRNA transcripts were located within the ventricular zone at all A-P levels examined. The expression profile varied, however, between different rhombomeres. For example, in r1, transcripts appear uniformly expressed throughout the ventral 2/3 of the neural tube (Fig. 6A) . Little or no expression was detected in the dorsal 1/3 of the neural tube. Expression was also excluded from the floorplate. More posterior, in r5 (Fig. 6B ) and r7/8 (Fig. 6C) transcripts are for the most part observed in all but the very dorsal-most portion of the neural tube. As in r1, little or no expression was detected in the floorplate. However, in contrast to r1, levels especially in r7/8 were noticeably higher in the alar plate. In the spinal cord, expression is primarily confined to the dorsal neural tube (Fig. 6H) where there is a well-defined dorsal and ventral border in the alar plate between cells that express Cash1 and those that do not.
As shown in Fig. 6D -F, Tlx-3 transcripts are located lateral to the Cash1 expressing domain at all A-P levels examined. Furthermore, double in situ hybridization analysis clearly showed that with the exception of r2 and r3, the dorsal limit of Tlx-3 C cells in the hindbrain coincided perfectly with that of Cash1 at all A-P levels examined ( Fig. 6G ; data not shown). Caudally, the ventral limit of the more intermediate domain of Tlx-3 C cells coincided with the ventral border between cells strongly expressing Cash1 and those expressing more moderate levels ( Fig. 6G ; data not shown). Tlx-3 transcripts, unlike Cash1, however, were absent from the ventral neural tube. These studies suggest that as in mouse, Tlx-3 C cells in the hindbrain likely develop from Cash1 C precursors. However, not all Cash1 C precursors subsequently express Tlx-3.
BMP signaling regulates Cash1 gene expression
To provide further support for the idea that Tlx-3 C cells develop from Cash1
C precursors, we also examined Cash1 The dorsal border (arrowheads) of the Cash1 expression domain was shifted towards the roofplate following inhibition of BMP signaling. In r4, the ventral border of the high-level Cash1 expression domain was also shifted dorsally. In r7/8, Cash1 transcripts were observed in a contiguous domain spanning the dorsal neural tube in response to strong, widespread expression of the transgene. Little change was observed in the ventral border between cells expressing high-level Cash1 and those expressing more moderate levels (double arrow). Note lack of morphologically defined dorsal roofplate (arrowhead). r, rhombomere. Scale bars: 100 mm.
expression in embryos electroporated with RCAS expression vectors encoding BMP4 and Noggin. As shown in Fig. 7A -C, the normal dorsal border of the Cash1 expression domain was shifted ventrally in 71% of embryos expressing moderate to high levels of RCAS BMP4 (nZ7). Notably, in r5 (Fig. 7B ) and r7/8 (Fig. 7C) , some high-level Cash1 expression was always retained in the intermediate region of the neural tube. In addition, cells immediately ventral to the normal high-level Cash1 expression domain expressed increased levels of Cash1 mRNA. In all cases, the degree of change was directly correlated with the level of transgene expression.
In contrast, inhibition of BMP signaling resulted in an obvious dorsal shift and/or expansion of the Cash1 progenitor domain in 91% of embryos expressing moderate to high levels of RCAS Noggin (nZ11; Fig. 7D-F) . Notably, Cash1 positive cells were observed in a continuous zone spanning the dorsal region in r7/8 (i.e. indicating that the two dorsal Cash1 expression domains had fused) in two out of the 11 embryos expressing moderate to high levels of RCAS Noggin (Fig. 7F) . As above, apparent fusion was correlated with strong, widespread expression of the introduced transgene and lack of a morphologically defined roofplate. Little or no change, however, was observed in the ventral border between cells expressing high-levels of Cash1 and those expressing more moderate levels. As shown in Fig. 7E , both the dorsal and ventral border of high-level Cash1 expression were occasionally (2/11) shifted toward the roofplate in r4.
Thus it appears that the precise level of BMP signaling regulates multiple borders of Cash1 gene expression in the developing hindbrain. Furthermore, changes in the Cash1 progenitor domain correlate well with the above documented changes in newly differentiated Tlx-3 C sensory neurons.
Mash1 misexpression results in an increase in newly differentiated Tlx-3
C sensory neurons
To determine directly if Cash1 is sufficient to specify Tlx-3 C sensory neurons, we analyzed the expression of Tlx-3 following electroporation of plasmid DNA constructs expressing MASH1. As with BMP and Noggin, manipulations were performed at HH9-12 and embryos harvested approximately 48 h later at HH19-21. As shown in Fig. 8A , no change was observed in control embryos expressing pEFX eGFP (nZ7). However, an obvious expansion in the number of newly differentiated Tlx-3 C cells was observed in the developing mantle layer in 88% of embryos following co-electroporation of pEFX MASH1/ eGFP (nZ17; Fig. 8B-K) . In addition, ectopic Tlx-3 C expressing cells were occassionally observed medially in the ventricular zone (e.g. Fig. 8D ,G,J). In many but not all cases, MASH1/eGFP expression was directly correlated with ectopic/increased Tlx-3 expression (see inset in Fig. 8B ). In addition, MASH1/eGFP electroporated cells were preferentially located lateral to the ventricular zone in the developing mantle layer where differentiating neurons are normally located. In contrast, the number of differentiated LIM1/2 C cells was decreased in 79% of embryos following similar co-electroporation of pEFX MASH1/ eGFP (nZ14; Fig. 8L-N) . Previous studies have shown that Lim1/2 mRNA is expressed throughout the rostrocaudal extent of the developing hindbrain in a complex array of longitudinal stripes and likely mark reticulospinal neurons (Varela-Echavarria et al., 1996) .
Taken together, these results suggest that MASH1 functions to induce neuronal differentiation in the developing hindbrain. Furthermore, they demonstrate that misexpression of MASH1 is sufficient to generate Tlx-3 C sensory neurons at the expense of other neuronal populations and strongly support the idea that BMP signaling acts through Cash1 to induce Tlx-3 expression.
Number of calretinin C sensory neurons in vestibular nuclei is increased following inhibition of BMP signaling
Although loss-of-function analysis in mice has shown that Tlx-3 is required for proper development of somatic as well as visceral sensory neurons in the trigeminal and solitary nuclei, respectively (Qian et al., 2001 (Qian et al., , 2002 , a role for Tlx-3 in formation of specialized somatic sensory neurons in the vestibular nuclei has not been established. Here we used Calretinin, a calcium-binding protein expressed in sensory neurons within various cytoarchitecturally distinct subcomponent nuclei of the vestibular complex (Rogers, 1989) , as a marker to correlate the early increase/expansion in Tlx-3 expression following inhibition of BMP signaling with later changes in the number of specialized somatic sensory neurons in the vestibular nuclei.
Manipulations were performed at HH9-12 as above and the number of calretinin C sensory neurons in the developing vestibular nuclei was analyzed in the few embryos that survived to HH36-38 (nZ8). As shown in Fig. 9A -C, there was a marked increase in Calretinin C vestibular neurons following electroporation of RCAS Noggin. In addition, the two dorsal Calretinin C neuronal populations appeared to fuse in one of the eight brains analyzed (data not shown). Cell counts revealed that there was an approximate 1.4-fold increase in the number of Calretinin C cells in the vestibular nuclei on the Noggin-transfected side. Furthermore, the differences observed between the Noggin-transfected and Noggin-untransfected side were highly significant (PZ0.018). In contrast, there was no significant difference in numbers of Islet-1 C motor neurons on adjacent sections (e.g. Fig. 9D-F) . These results indicate that the early increase in newly differentiated dorsal Tlx-3 C neurons following inhibition of BMP correlates with a corresponding increase in numbers of Calretinin C neurons in vestibular nuclei at later developmental stages. Furthermore, they suggest that Tlx-3 is sufficient for the generation of specialized somatic sensory neurons in vestibular nuclei.
Discussion
Our data indicate that Tlx-3 C first-order relay sensory neurons in the developing hindbrain are specified in response to graded BMP signaling. We show that distinct subsets of Tlx-3 C hindbrain sensory neurons are generated at different thresholds of BMP activity. We also show that BMP-driven changes in newly differentiated, Tlx-3 C cell populations not only correlate well with changes in the Cash1 progenitor domain but misexpression of Mash1 results in increased/ectopic Tlx-3 C neurons at the expense of other neuronal populations, suggesting that BMPs function through Cash1 to regulate Tlx-3. Finally, the early increase in newly differentiated Tlx-3 C neurons following inhibition of BMP signaling directly correlated with a later increase in the number of Calretinin C neurons in vestibular nuclei strongly suggesting that Tlx-3, in addition to being required for proper formation of somatic as well as visceral sensory neurons in the trigeminal and solitary nuclei, respectively, is sufficient for proper formation of special somatic sensory neurons in vestibular nuclei.
Tlx-3 expression in hindbrain sensory neurons is regulated by local environmental signals
In the neural tube, multipotent neuronal precursor cells are assigned a particular fate according to their positions along the A-P and D-V axes (Lumsden and Krumlauf, 1996; Simon et al., 1995) . Positional signals along these axes are set (and read) independently. Previous inversion and transplantation experiments have shown that in the hindbrain, cell fate along the A-P axis is already determined by HH9/10 (i.e. cells can no longer respond to environmental signals). However, cell fate along the D-V axis, at least in the ventral half of the neural tube, is still labile. Here we show that cells in the dorsal half of the neural tube are competent to respond to D-V environmental signals at HH10-12. When r4/5 was inverted 1808 along the D-V axis and grafted isotopically into a stage-matched host, Tlx-3 C sensory neurons developed in the dorsal region of the graft, in a position appropriate to the D-V pattern of the host, rather than their original D-V position. These experiments demonstrate that differentiation of Tlx-3 C sensory neurons is controlled by local environmental signals and that cells are still competent to respond to such signals at HH10-12.
BMPs may function through Bmpr1b to regulate expression of Tlx-3
Previous expression studies have shown that several BMPs (e.g. BMP4, BMP7) along with a number of antagonists (e.g. noggin) are expressed in chick at HH9/10 (i.e. at the time of inversion/transplant) in overlying non-neural ectoderm and/or in the dorsal neural tube of the developing hindbrain (Graham et al., 1993 (Graham et al., , 1994 Muhr et al., 1997; Pourquie et al., 1996; Smith and Graham, 2001) . Furthermore, various components of the signaling pathway are also present at this stage (Smith and Graham, 2001 ). More recent analysis has shown that BMP ligands (i.e. BMP5/7) are also present slightly later at HH stage 14 (i.e. just prior to the onset of Tlx-3 expression) in the ectoderm overlying the hindbrain and/or in the dorsal neural tube (Vogel-Hopker and Rohrer, 2002) . Here we show expression of the BMP-specific receptor I subtype, Bmpr1b overlaps that of Tlx-3 both spatially and temporally. These data are consistent with BMPs playing a role in regulating Tlx-3 expression in the hindbrain. Further, they suggest BMPs function through Bmpr1b to regulate Tlx-3.
Indeed, several independent lines of evidence suggest Tlx-3 is a downstream target for BMP. For example, a BMPmediated transcriptional cascade controls generation of noradrenergic sympathetic neurons (Francis and Landis, 1999; Lo et al., 1998; Schneider et al., 1999) , cerebellar granular neurons (Angley et al., 2003; Ming et al., 2002) and is required for induction of the neurogenic program in epibranchial placodes (Begbie et al., 1999) ; three lineages that express Tlx-3 postmitotically (Logan et al., 1998 (Logan et al., , 2002 . In addition, BMP signaling is essential for generation of Tlx-3 C Rohon-Beard sensory neurons in zebrafish spinal cord (Nguyen et al., 2000) and promotes differentiation in vitro of dorsally located dI3 chick spinal cord neurons (Liem et al., 1997 ); a population we previously showed was Tlx-3 C (Logan et al., 1998) . Furthermore, recent studies show that signaling through BMP-specific type I receptors, is crucial for proper specification of Tlx-3 C dI3 neurons in the mouse spinal cord (Wine- Lee et al., 2004) . Finally, we show here that with the exception of r1, differentiation of Tlx-3 C sensory neurons is delayed in odd-numbered rhombomeres. Such retardation was previously shown to result from localized induction of elevated BMP4 levels (Eickholt et al., 2001 ).
Distinct populations of Tlx-3
C sensory neurons are generated in response to specific thresholds of BMP signaling Tlx-3 expression in the developing hindbrain is initially contained within two longitudinal columns of cells at specific dorsoventral levels (Logan et al., 1998) . The more dorsally located column has a distinct rostral limit at the r3-r4 boundary while the second, more intermediate column continues into r1 where it expands dorsally. Caudally, expression continues into the spinal cord where it marks dI3 and dI5 neurons. Here we show that slight increases in BMP signaling resulted in an apparent shift and/ or expansion in both the dorsal as well as more intermediate Tlx-3 expression domains ventrally while slight decreases resulted in an apparent dorsal shift in their expression, strongly supporting the idea that distinct subsets of Tlx-3 neurons are generated in response to specific thresholds of BMP signaling. Intriguingly, strong, widespread expression of the BMP4 transgene appeared to completely eliminate the dorsal Tlx-3 expression domain caudally while strong, widespread Noggin misexpression resulted in ectopic Tlx-3 expression rostrally that was contiguous with the dorsal Tlx-3 expression domain. This domain is normally absent from r1-3, in a region where elevated levels of BMP5/7 are normally found (Vogel-Hopker and Rohrer, 2002) . Inhibition of BMP signaling also resulted in ectopic dorsal Tlx-3 expression suggesting that high-level BMP signaling normally repressed Tlx-3 expression in cells immediately adjacent to the roofplate. Consistent with this, recent studies show that in the spinal cord, Tlx-3 C dI3 cells are also expanded dorsally in loss-of-function Bmpr1a/b mouse mutants (Wine- Lee et al., 2004) .
Our data together with that previously published support an instructive role for graded BMP signaling in differentiation of Tlx-3 C sensory neurons (Lee et al., 2000; Nguyen et al., 2000; Timmer et al., 2002) . Furthermore, they demonstrate that distinct populations of Tlx-3 C hindbrain sensory neurons are generated at different thresholds of BMP signaling.
Tlx-3
C sensory neurons likely arise from Cash1
C neural progenitors
Our in situ and functional data suggest that Tlx-3 C hindbrain sensory neurons likely arise from Cash1 C neuronal precursors. Consistent with this, Cash1 expression in the hindbrain precedes that of Tlx-3 (Jasoni et al., 1994) . Furthermore, MASH1 misexpression resulted in increased and/or ectopic newly differentiated Tlx-3 C neurons. However, there does not appear to be a direct relationship between cells expressing Cash1 and Tlx-3. For example, Tlx-3 transcripts, unlike Cash1, are normally absent from the ventral neural tube. In r7/8, dorsal cells that express high levels of Cash1 give rise at least initially to three different types of differentiated neurons (two Tlx-3 C cell populations separated by a Tlx-3 K population). In r4 and r6, Tlx-3 C cells arise from the entire D-V extent of the high-level Cash1 expression domain while in r2 and r3, Tlx-3 expressing cells are restricted to a single intermediate domain yet Cash1 is expressed at seemingly uniform high levels throughout the ventral 2/3 of the neural tube. Finally, ectopic/increased Tlx-3 expression was observed in some but not all cells misexpressing MASH1/eGFP.
It remains to be determined whether Cash1 plays a direct role in providing positional information to differentiating neurons. Clearly, several types of differentiated neurons arise from the Cash1 progenitor domain. Their exact nature varies between different rhombomeres. In the spinal cord, various homeodomain transcription factors including Msx1, Pax3/7, Pax6, Lbx1 and Dbx1/2 act in combination with bHLH proteins to subdivide progenitor domains within the dorsal and intermediate neural tube (Gross et al., 2002; Helms and Johnson, 2003; Muller et al., 2002; Timmer et al., 2002) . Hence it is likely that additional factors also function in the hindbrain to further subdivide the Cash1 progenitor domain.
Interestingly, differentiation of Tlx-3 C neurons is restricted to regions expressing relatively high levels of Cash1. Recent studies in both the spinal cord and telencephalon show that direct transcriptional regulation of the bHLH factor Neurogenin2 by Pax6 is concentration dependent (Scardigli et al., 2003) . The E1 enhancer element located upstream of Neurogenin2 is only activated by high levels of PAX6 protein. By analogy, Tlx-3 expression in the hindbrain may in part, be regulated either directly or indirectly by Cash1 in a concentration dependent fashion. In this respect, it is worth noting that the pEFX CASH1 expression construct employed in these studies results in high-level expression of the introduced transgene (Agarwala et al., 2001 ).
Tlx-3 is sufficient for proper formation of special somatic sensory neurons in vestibular nuclei
Specialized somatic sensory neurons in the vestibular nuclei function to orient the head and body with respect to gravity as well as coordinate postural reflexes. In chick, the vestibular nuclear complex is classically comprised of six main nuclei; the superior, Dieters ventralis, Dieters dorsalis, tangential, medial and descending nucleus (Glover, 1993; Glover and Petursdottir, 1988; Wold, 1976) . Fate mapping studies show that these various cytoarchitecturally defined subcomponents have rhombomeric specific origins (Cambronero and Puelles, 2000; Marin and Puelles, 1995) . Notably, the Dieters ventralis and descending nucleus forms within r4 and r5 to 'r'10 (pseudorhombomere 10), respectively. Although it is difficult to unequivocally assign expression of Tlx-3 due to its transient nature, to cytoarchitecturally distinct subcomponents, the early restricted expression of Tlx-3 in the dorsal-most column from the r3-4 boundary into the spinal cord where it merges with the column of dI3 spinal neurons, suggests that it plays a role in development of the Dieters ventralis and descending nucleus.
Here we show that early Noggin-induced changes in gene expression in the dorsal-most column of Tlx-3 C cells correlate well with changes in the number of Calretinin C sensory neurons in the vestibular nuclei at later developmental stages. Specifically, expression in r7/8 was significantly increased and/or expanded dorsally in HH20/21 embryos expressing moderate to high-levels of RCAS Noggin (Note: Comparatively little or no change was observed in the more intermediate column of Tlx-3 C cells.). Cell counts in this region at later developmental stages showed a corresponding, statistically significant increase in the number of Calretinin C cells in the vestibular nuclei. No change, however, was observed in Islet-1 C motor neurons. These data strongly support the idea that Tlx-3 is sufficient for proper formation of specialized somatic sensory neurons in the vestibular nuclei. However, they do not exclude the possibility that other BMP-induced changes are also involved in their generation. Notably, recent studies show that the WNT signaling pathway acts downstream of BMP to expand the population of neuronal progenitor cells thereby coordinately regulating dorsal patterning and proliferation (Chesnutt et al., 2004) .
Loss-of-function analysis in mice previously showed that Tlx-3 is required for proper development of somatic as well as visceral sensory neurons in the trigeminal and solitary nuclei, respectively (Qian et al., 2001 (Qian et al., , 2002 . In addition, Tlx-3 is also required for formation of the majority of brainstem (nor)adrenergic neurons. Interestingly, in chick, inhibition of BMP signaling via implantation of Noggin soaked beads or Noggin expressing CHO cells resulted in either a dorsal shift in the localization of (nor)adrenergic neurons or their complete loss (Vogel-Hopker and Rohrer, 2002) . In zebrafish, brainstem (nor)adrenergic neurons were also absent in BMP null mutants (Guo et al., 1999; Hynes and Rosenthal, 1999) . Finally, signaling by BMP promotes the differentiation of Tlx-3 C cerebellar granule cells in both rat and chick (Angley et al., 2003; Ming et al., 2002) . Taken together, these results suggest an essential role for BMP in the generation of multiple Tlx-3 C neuronal populations in the developing hindbrain.
Concluding remarks
Our results strongly support the idea that a BMPmediated transcriptional cascade involving Cash1 and Tlx-3 specifies first-order relay sensory neurons in the developing hindbrain. Further experiments, however, will be required to establish the direct or indirect nature of these events. Furthermore, relationships and interactions between Tlx-3 and other transcription factors in the developing hindbrain are poorly understood. Interestingly, recent studies suggest that the paired homeodomain transcription factor, Drg11 as well as members of the bHLH Ebf (Early B-cell factor/olfactory factor 1) transcription factor family act downstream of Tlx-3 in generation of somatosensory neurons in trigeminal nuclei (Ding et al., 2004; Qian et al., 2002) . In addition, expression of the paired-like homeodomain transcription factor, Phox2b in visceral sensory neurons in the solitary nucleus also depends on Tlx-3 (Qian et al., 2001) . Notably, significant differences have begun to emerge regarding the transcriptional mediators involved in the differentiation of dorsal cell types within the hindbrain and spinal cord. For example, homeobox transcription factors Islet1 and Lmx1b together with Tlx-3 mark dI3 and dI5 dorsal neurons in the spinal cord, yet neither appear to be co-expressed with Tlx-3 in the dorsal hindbrain (Qian et al., 2002; Varela-Echavarria et al., 1996) . Future studies of the BMP-mediated transcriptional pathway involved in differentiation of Tlx-3 C hindbrain sensory neurons should yield additional insight into the molecular mechanisms controlling development of first-order relay sensory neurons in the developing brainstem.
Experimental procedures
Chick embryos
Fertilized Hubbard broiler hen eggs (Klaas and Elvina Itjsma, Airdrie, AB) were incubated at 38 8C and embryos staged according to the method of Hamburger and Hamilton (1951) ). Whole chick embryos were removed from the egg at the stages indicated and partially dissected in Howard's Ringer prior to fixation in 4% paraformaldehyde (PFA; Sigma, St Louis, MO) in phosphate buffered saline (PBS; Sigma, St Louis, MO).
Embryo manipulations
Bilateral inversion/transplantion of rhombomeres (r) 4/5 were performed at HH stage 10-12 as per Simon et al. (1995) . Eggs were resealed with Scotch tape (3M, London, ON) following surgical manipulation and incubated at 38 8C for an additional 48 h before harvesting.
In ovo electroporations were performed as previously described (Hermann, 2003) . Briefly, supercoiled DNA (1-1.5 mg/ml) was injected into the lumen of the rostral neural tube of HH9-12 embryos. Seven to ten 25-35 V square pulses of 20 ms duration were generated at 1 s intervals at a frequency of 1 Hz with an ECM830 electroporator (BTX, San Diego, CA). Eggs were then resealed and incubated for an additional 2-10 days prior to harvesting. The RCAS(BP)A proviral vector (Hughes et al., 1987) was used to express BMP4 and NOGGIN while MASH1 was expressed using the pEFX plasmid vector (Agarwala et al., 2001 ). RCAS(BP)A proviral and pEFX plasmid vectors encoding eGFP were used as controls. pEFX eGFP was also used to monitor electroporation efficiency of MASH1 via co-electroporation (i.e. at a 1:4 ratio).
In situ hybridization, immunohistochemistry, sectioning and photography
Whole-mount in situ hybridization analyses were performed using digoxygenin and/or fluorescein labeled RNA probes as described by Wilkinson (1992) except that the RNAse step was omitted. In the case of double labeling, dark blue staining was obtained using nitroblue tetrazolium chloride (Roche, Laval, Que.) and 5-Bromo-4-Chloro-3-Indolyl Phosphate (BCIP; Roche, Laval, Que.) as a substrate, whereas turquoise staining was obtained using BCIP (Roche, Laval, Que.) alone. Antisense probes were synthesized according to the manufacturer's instructions (Roche, Laval, Que.) using the following appropriately linearized DNA templates: Cash1 (Jasoni et al., 1994) , Noggin (Capdevila and Johnson, 1998) , Bmpr1a and Bmpr1b (Smith and Graham, 2001 ), Tlx-3 (Logan et al., 2002) . Specimens were re-fixed in 4% PFA before immunohistochemistry, flatmounting, sectioning, and/or storing.
Immunohistochemical analysis of 50-75 mm Vibratome sections through the hindbrain was performed as described (Sloviter and Nilaver, 1987) using the following primary antibodies: aCalretinin (1:10,000; Swant, Bellinzona, Switzerland), aIslet-1 (1:200; Developmental Studies Hybridoma Bank, Iowa City, IA). Sections were incubated with appropriate biotinylated secondary antibodies (1:1,000; Jackson ImmunoResearch, West Grove, PA) and reacted using the Vectastain ABC Staining Kit (Vector, Burlingame, CA). Viral GAG, eGFP and LIM1/2 protein were detected via whole-mount immunohistochemistry using aGag AMV-3C2 (1:200; Developmental Studies Hybridoma Bank, Iowa City, IA), aGFP (1:1,000; Molecular Probes Inc., Eugene, OR) and aLIM1/2 (1:5; Developmental Studies Hybridoma Bank, Iowa City, IA) antibodies, respectively, as described by Davis et al. (1991) .
Prior to or following in situ hybridization and/or immunohistochemistry, intact embryos or partially dissected hindbrains were embedded in a mixture of gelatin and albumin and 50-75 mm transverse sections cut on a Vibratome. Sections were either mounted directly onto chrome-alum and gelatin subbed slides, air-dried, dehydrated through an alcohol series, cleared in xylene and mounted under coverslips in Entellan mounting medium (EM Science, Gibbstown, NJ) or further processed for immunohistochemistry prior to mounting. Sections and/or intact embryos were photographed using a Spot Cooled or RT Color Digital Camera (Diagnostic Instruments, Sterling Heights, MI) attached to a Zeiss Stemi-2000 or Zeiss Axioplan microscope (Zeiss, Toronto, ON) respectively, and assembled using Adobe Photoshop 5.0. The images were cropped and corrected for brightness and/or contrast. Calretinin C and Islet-1 C cells were counted using Image Pro Plus version 4.1 software (Media Cybernetics, Silver Spring, MD). A minimum of three, up to a maximum of 13 individual sections were counted from each embryo. A single-factor, repeated measures ANOVA test was used to determine statistical significance.
